It is shown that the spin-polarized electronic structure of antiferromagnetic ͑AFM͒ materials can be investigated on an element-selective level using a versatile, novel x-ray magneto-optical spectroscopy in reflection. We demonstrate this with spectra observed at the Ni L 3 absorption edge of two buried exchange-biased microstructures of current technological interest: NiO/Co and NiMn/Co, which contain the insulating antiferromagnet NiO, and the metallic antiferromagnet NiMn, respectively. The measured spectrum provides information about the exchange-split d density of states of the AFM atom.
Among the magnetic materials of current technological interest antiferromagnets ͑AFM's͒ have gained appreciable importance lately, because they find key applications in novel spintronic devices, such as magnetoresistive, 1 tunnelmagnetoresistive, or other exchange-biased microstructures and nanostructures.
2, 3 In these devices, that often comprise embedded AFM layers coupled to ferromagnetic layers, the spin-polarized electronic structure of the AFM's plays an important role. Surprisingly, there exists practically no experimental knowledge of the AFM spin-resolved electronic structure. This is related to the inability of traditional techniques applied up to now to sensitively probe the AFM spinelectronic state. While element-selective information about the spin-electronic structure of ferromagnets can superiorly be accessed by x-ray magneto-optical ͑MO͒ spectroscopies ͑see, e.g., Refs. 4,5͒, no comparable spectroscopy has yet become established for AFM's, although work in this direction has been undertaken. 6, 7 Only MO spectroscopies that are sensitive to the square of the magnetization M are applicable to investigate AFM's. To such spectroscopies belong the x-ray Voigt effect 8 and the x-ray magnetic linear dichroism ͑XMLD͒. Both x-ray MO effects have so far been observed on thin ferromagnetic films in transmission. 8, 9 However, this technique cannot be applied to arbitrary microstructures grown on substrates. The XMLD has also been detected in x-ray absorption using electron-yield techniques, in several cases for AFM's. 6, 7, [10] [11] [12] [13] A particularly clear XMLD spectrum has been observed 6, 12 thereby for the AFM material Fe 2 O 3 . Although the electron-yield technique gives valuable insight into physical effects 10, 14, 15 it is impractical for the investigation of arbitrary, or notably, industrially manufactured samples. The detected secondary electrons have an escape depth of only 2-4 nm, therefore only in situ prepared samples without surface contamination or with only a thin overlayer can be studied, 16, 17, 9 and, in particular, deeply buried AFM layers cannot be examined.
Here we utilize the large penetration depth of soft x rays of typically 20-100 nm in a photon-in/photon-out reflection experiment to investigate buried AFM layers of ex situ grown samples. We show, first, that these can superbly be investigated using a promising Voigt-type x-ray MO reflection spectroscopy, and second, that the measured x-ray MO signal determines the exchange-polarization of the unoccupied d-density of states of the AFM atom.
The geometry which we employ to observe the magnetox-ray spectrum is shown in Fig. 1͑a͒ . The spin axis a J of the AFM material is in-plane and linearly polarized synchrotron radiation is incident on the material at an oblique angle. Keeping the incident angle i fixed, the reflectance R of the FIG. 1. Experimental setup for recording the x-ray MO reflection spectra of magnetic films ͑a͒. The spin axis a J lies in the film plane, and the reflectances R ʈ and R Ќ are measured for two orthogonal orientations of the spin axis. ͑b͒: The x-ray MO reflectance spectrum ⌬RϭR Ќ ϪR ʈ observed at the L 3 edge of a 30 nm Co/3 nm Al film for an angle of incidence i ϭ18°, using p-polarized light. Inset of ͑b͒: the reflectance spectra R ʈ , R Ќ across the L 3 edge. material is measured twice, once with the spin axis parallel (R ʈ ), and once with the spin axis perpendicular (R Ќ ) to the film-projected component of the polarization vector E. The MO effect is then defined by the reflectance difference ⌬R ϭR Ќ ϪR ʈ and depends on whether s-or p-polarized light is used. Here we used p-polarized light, for which ⌬R can be expressed as
where f p ϭsin 2 i /sin 2 t , and t is the angle of refraction that is measured from the film plane. R 0 and n are the nonmagnetic reflectance and refractive index of the material. The fundamental MO quantity in Eq. ͑1͒ is ⑀ ʈ Ϫ⑀ Ќ , where ⑀ ʈ , ⑀ Ќ are the components of the dielectric tensor, that are parallel or perpendicular to the spin axis. In a cubic ferromagnetic or antiferromagnetic material ⑀ ʈ and ⑀ Ќ are unequal only because of breaking of the spatial symmetry by the magnetic order, which makes the directions parallel and perpendicular to the spin axis inequivalent. It has been shown
The measurement of ⌬R therefore serves as a new x-ray spectroscopic access to AFM's. The room-temperature experiments were performed at BESSY II, Berlin, at the UE56/1 beamline, and using the ultrahigh vacuum polarimeter chamber. 19 The energy resolution of the linearly polarized synchrotron radiation was E/⌬Eϭ2500. The samples were a NiO/Co/Ta/Cu and a Ta/ NiMn/Co/Ta/Cu layered structure, each deposited on Si substrates with the AFM at the bottom. The thicknesses of the layers were: 50/5/4/1 nm for the NiO/Co/Ta/Cu, and 4/50/5/ 4/1 nm for the Ta/NiMn/Co/Ta/Cu system, respectively. The samples were slowly cooled through the respective Néel temperature in an applied field. The exchange coupling between the ferromagnetic and AFM spins is thereby exploited to predefine the direction of the spin axis within the AFM.
To demonstrate that the novel magneto-x-ray effect can be observed indeed we first measured the reflection spectrum of a ferromagnetic 30 nm Co film, capped with 3 nm Al. The MO spectrum measured at the Co L 3 absorption edge for i ϭ18°is shown in Fig. 1͑b͒ . For a ferromagnetic material additional terms that are linear in ͗M ͘ appear in the reflectance difference. However, these terms can be canceled out by measuring the reflectance for two antiparallel magnetization directions, and, subsequently, by replacing R ʈ,Ќ in Eq. ͑1͒ by ͓R ʈ,Ќ (ϩM)ϩR ʈ,Ќ (ϪM)͔/2. The thus-measured MO reflection spectrum of Co displays a pronounced structure at the L 3 edge, where the resonant excitations from 2p 3/2 to 3d levels are known to occur. The x-ray MO spectrum is a sharply peaked double lobe structure at the L 3 edge, which resembles the spectral structure that has been observed by x-ray Voigt spectroscopy 8 on a thin Co transmission film. This finding is decisive, because the Voigt effect, although measured with an entirely different technique, is also proportional to ⑀ ʈ Ϫ⑀ Ќ , and has been demonstrated 8 to be even in M. Thus, the correspondence to the Voigt transmission spectrum proves that we have observed a magneto-optical response in reflectance quadratic in M. The observed MO signal is effortlessly detectable, as ͉⌬R͉ reaches 14% of the total reflectance at the Co L 3 edge. For comparison, the linear ͑i.e., odd͒ in ͗M ͘ MO reflectance part which we determined by the transversal MO Kerr effect ͑TMOKE͒, is about 40% of the total reflectance at the Co L 3 edge ͑not shown͒. Moreover, a clear ⌬R signal could be measured for a wide range of angles of incidence, from i ϭ2°͑grazing incidence͒ up to 30°so that depth profiling becomes feasible by tuning i . More information on the dependence of ⌬R on i is presented below.
After first successfully detecting the x-ray MO reflection effect, we next turn to the exchange-biased AFM/ ferromagnetic microstructures. The reflectance spectra of the AFM microstructures were recorded by rotating the sample about the surface normal over 90°. The x-ray MO spectrum ⌬R measured at the Ni L 3 edge of the Ta/NiMn/Co/Ta/Cu sample is shown in Fig. 2, for i ϭ10° . The spectrum of the metallic AFM NiMn displays a weak double peak structure, the shape of which we confirmed independently by XMLD measurements on a NiMn transmission film. The inset of Fig.  2 shows magnetization loops of the multilayer structure, revealing a pronounced exchange bias of the ferromagnet. The exchange bias demonstrates the presence of AFM NiMn.
The x-ray MO spectrum ⌬R observed at the Ni L 3 edge of the NiO/Co/Ta/Cu exchange-biased microstructure is shown in Fig. 3 , for i ϭ18°. Again a clear MO signal could be detected: ͉⌬R͉ reaches 20% of the total reflectance. The x-ray MO spectrum of insulating AFM NiO is more structured than that measured for metallic Co or NiMn. These spectral features are intrinsic and caused by multiplet effects 20 typical for 3d oxides. In Fig. 4 we show the x-ray MO signal ͉⌬R͉ as a function of the angle of incidence i for a fixed photon energy of 852.1 eV. The ⌬R( i ) signal dis- FIG. 2 . The x-ray MO reflection spectrum ⌬R detected for i ϭ10°at the Ni L 3 absorption edge of an exchange-biased Ta/NiMn/ Co/Ta/Cu multilayer structure, where the metallic AFM NiMn layer is on the bottom Ta film. The inset shows magnetization loops of the microstructure, measured by the Kerr effect, for a field applied antiparallel (0°), or perpendicular (90°), to the field-cooled direction. The exchange-bias shift of the magnetization demonstrates that the NiMn film is antiferromagnetically ordered.
plays typical oscillations related to the multilayer structure of the sample. Up to an angle of incidence of almost 40°a well-detectable signal is observed. The size of the magnetox-ray signal substantiates our earlier statement that depth profiling becomes possible by tuning the angle of incidence. We note furthermore that ⌬R is negative for 4°Ͻ i Ͻ10°, and again for 39°Ͻ i Ͻ45°. The fundamental spectrum ⑀ ʈ Ϫ⑀ Ќ is in itself not dependent on i , but the whole MO signal depends in reflection sensitively on i for complex refractive indices which real part is close to one ͓see Eq. ͑1͔͒.
Previously several antiferromagnetic oxides have been investigated using the total electron-yield mode. 6, 7, [10] [11] [12] It is instructive to compare the present approach to the previous ones. A clear XMLD spectrum could be detected 6, 12 for hematite Fe 2 O 3 . In the case of Fe 2 O 3 the detection of its XMLD spectrum was facilitated by the occurrence of the so-called Morin transition at Ϫ10°C, at which the angle between the magnetic moments and the c axis rotates spontaneously over 90°. Other oxides that were investigated previously are NiO ͑Refs. 7,11͒ and LaFeO 3 ͑Ref. 10͒. The approach used for these AFM's was a different one: the totalelectron yield absorption spectra were recorded for different angles of incidence. The normalized spectra exhibit, as a function of the angle of incidence, a shift in the ratio of the multiplet fine structure, which was particularly investigated for the L 2 edge of Ni. 7, 11 Although this approach has also been called XMLD, it is not to be confused with the classical XMLD experiment in which the relative orientation of the polarization plane and the magnetic moments is changed from 0°to 90°while the incoming light is at fixed perpendicular incidence. The former technique is associated with the sensitivity of the multiplet fine structure with regard to the angle of incidence. We point out that our approach is essentially related to the classical XMLD, as it probes the same quantity ⑀ ʈ Ϫ⑀ Ќ , but in reflection, and at a selectable angle of incidence, thus enabling depth profiling. Moreover, our presented spectroscopic technique is not restricted to insulating AFM oxides, as we have demonstrated with x-ray MO spectra observed both for metallic and for insulating AFM's. Also, as mentioned before, x-ray MO reflection spectroscopy allows deeply buried AFM layers to be examined.
The theoretical understanding of quadratic magneto-x-ray effects is just beginning to develop. Van der Laan 21 derived that the integrated L 3 Ϫ2L 2 XMLD signal is proportional to the anisotropy of the spin-orbit interaction. An experimental test indicated that there is supplementary a rather large prefactor. 13 Mertins et al. 8 showed on the basis of ab initio calculations that the relatively small exchange splitting ⌬ ex of the 2p 3/2 core states contributes crucially to the XMLD and x-ray Voigt spectrum of 3d-transition metals. Here we point out that the information about the spin-polarized electronic structure of AFM's obtained from the measured x-ray MO spectrum is the on-site exchange-split d-density of states of the AFM atom in the solid. Extending the finding of Ref.
8 by using an expansion to first-order in ⌬ ex , leads to an expression for the L 3 edge XMLD spectrum of an atom
where D ↑ ϪD ↓ is the exchange polarization of the unoccupied d-density of states on the probed AFM atom. A twofold energy integration would thus lead to the atomic d-spin moment. It can immediately be understood that ⑀ ʈ Ϫ⑀ Ќ is even ͑quadratic͒ in the local AFM magnetization. From one AFM atom to its neighbor with opposite local magnetization, ⌬ ex reverses sign, as does also the on-site D ↑ ϪD ↓ . This is the reason that the x-ray MO signal is measurable for ferromagnets as well as AFM's. Except for the here discussed quadratic magneto-x-ray spectroscopies we are not aware of other experimental techniques providing similar information. From Eq. ͑2͒ the measured magneto-x-ray signal can be understood to exhibit a doubly or even triply peaked structure. For the atomic exchange-split d-density of states we may adopt as a model a sinusoidal, two-lobe energy dependence. The Fermi function will cut off a large share of the occupied majority-spin lobe, depending on the relative position of the Fermi energy. The energy derivative of the remaining unoccupied lobe yields a double peak structure. If a part of the majority-spin lobe is above the Fermi energy as well, a triple peak structure will occur. We note, first, that this explanation exploits a single-particle approach, which excludes multiplet effects. Second, the x-ray MO reflection signal contains both the imaginary and real part of ⑀ ʈ Ϫ⑀ Ќ . Model investigations showed that the reflection signal is practically completely due to the imaginary part.
The reported x-ray MO reflection spectroscopy has several important implications and future applications. It establishes a powerful spectroscopic tool that is rooted in the element-selectivity and large penetration depth of x rays. The presented spectroscopy initiates new possible avenues for the spectroscopic investigation of the spin-polarized electronic structure of AFM's. The decisive quantity determined is the exchange-split d-density of states of the AFM atom. The technique can be readily applied to arbitrary samples, including samples with buried AFM layers and oxidized or even dirty surfaces that cannot be probed by photoelectron-based methods. We believe that industrially manufactured devices can therefore directly be characterized on a capacious scale. The measurements are fast and easy, yield a large signal, and allow for depth profiling. Microscopy approaches based on this x-ray MO effect may also facilitate imaging studies of buried AFM domains in a photon-only mode.
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